Previous studies have demonstrated that Burkholderia pseudomallei secretes protease, lipase, and phospholipase C (PLC) into the extracellular milieu, but their mechanisms of secretion and roles in pathogenesis have not been elucidated. In this study, we isolated and characterized 29 transposon mutants unable to secrete protease, lipase, and PLC.
Melioidosis is an infection caused by the gram-negative bacillus Burkholderia pseudomallei (2, 15) . In this report, we describe the isolation and characterization of B. pseudomallei 1026b transposon mutants deficient in secretion of protease, lipase, and phospholipase C (PLC). We also compared the relative virulence of 1026b and DD213, a representative secretion mutant, in the Syrian hamster model of melioidosis.
Isolation of secretion mutants of B. pseudomallei 1026b. The bacterial strains and plasmids used in this study are listed in Table 1 . The goal of this study was to identify mutants unable to secrete protease, lipase, and PLC in order to further characterize the genes involved in this process and examine the relative importance of these exoproducts in the pathogenesis of melioidosis. We screened approximately 15,000 Tn5-OT182 (3) mutants of B. pseudomallei 1026b for the inability to form a zone of clearing around isolated colonies on 3% skim milk agar (protease activity). Twenty-nine distinct mutants that did not demonstrate a zone of clearing around isolated colonies were identified. In fact, none of the 29 mutants demonstrated a zone of clearing on tributyrin agar (lipase activity) or formed a cloudy (opaque) zone around areas of bacterial growth on egg yolk agar (PLC activity). Taken together, these results demonstrate that all 29 mutants were unable to secrete protease, lipase, and PLC. This strongly suggests that this organism utilizes the same secretion pathway for these exoproducts.
Protease and PLC are cell associated in B. pseudomallei DD213 and C21. We performed quantitative protease and PLC assays on the culture supernatants and cell lysates of 1026b and two representative secretion mutants, DD213 and C21 (Fig. 1) . More than 98% of the 1026b proteolytic activity was present in the culture supernatant, indicating that protease is efficiently secreted by B. pseudomallei (Fig. 1A) . In contrast, only 2% of the DD213 proteolytic activity and 7% of the C21 proteolytic activity were present in the culture supernatant (Fig. 1A) . The total amounts of proteolytic activity (culture supernatant plus cell lysate) produced by 1026b, DD213, and C21 were similar (Fig. 1A) . Approximately 53% of the 1026b PLC activity was present in the culture supernatant, while the remaining 47% was cell associated (Fig. 1B) . This result may indicate that PLC was inefficiently secreted under the assay conditions employed or that B. pseudomallei contains a cell-associated and a secreted PLC. DD213 and C21 culture supernatants contained only 2 and 3% of the total PLC activity, respectively (Fig. 1B) . The total amounts of PLC activity produced by 1026b, DD213, and C21 were similar (Fig. 1B) . These results clearly demonstrate that DD213 and C21 were secretion mutants; they produced normal levels of protease and PLC that accumulated intracellularly rather than being secreted into the extracellular milieu.
Molecular characterization of the B. pseudomallei type II secretion pathway genes. The 29 B. pseudomallei secretion mutants isolated in this study contain Tn5-OT182 integrations in two distinct genetic loci (Fig. 2) . The 26 Tn5-OT182 integrations presented in Fig. 2A were found within a gene cluster that encodes products that are homologous to type II secretion pathway proteins in gram-negative bacteria (10, 12) . The genes in this cluster were named gsp, for "general secretory path- way." The three Tn5-OT182 integrations presented in Fig. 2B are found within a gene (gspO) that encodes a product that is homologous to type IV prepilin peptidases (6) (Fig. 2B) .
Identification of the 5 and 3 termini of the type II secretion pathway gene cluster. We constructed strains containing mutations in orfB, orfC, gspN, and orfD in order to investigate their roles in protein secretion ( Fig. 2 and 3) . The strains PBS-1 and DD303-1 were also constructed as positive and negative controls, respectively ( Table 1 ). The zones of clearing produced by DD301-1 (orfB), DD314-1 (orfC), and DD316-1 (orfD) were indistinguishable from that produced by PBS-1 (Fig. 3A) . Similar results were obtained with tributyrin agar and egg yolk agar (data not shown). The zone of clearing produced by DD315-1 (gspN) on 3% skim milk agar was consistently smaller than that produced by PBS-1 (Fig. 3A) . Similar results were obtained with tributyrin agar and egg yolk agar (data not shown). The secretion phenotype of DD315-1 was probably not due to a polar effect because the gene immediately downstream of gspN (orfD) is not required for the secretion of exoproducts. These results demonstrate that gspN is required for efficient or maximal exoproduct secretion. The fact that we did not identify any Tn5-OT182 integrations in gspN supports the notion that mutations in this gene probably do not result in an absolute secretion-deficient phenotype. As orfC and orfD do not appear to be involved in the secretion of exoproteins by the type II pathway, we suggest that they define the 5Ј and 3Ј ends of the type II secretion pathway gene cluster, respectively ( Fig. 2A) .
gspC is essential for secretion of exoproducts in B. pseudomallei. The identification of a centrally located gene with reverse transcriptional polarity relative to the other type II secretion genes was quite surprising (Fig. 2) . We attempted to complement the secretion-deficient phenotype of DD214 in order to determine if it was due to the disruption of gspC or to a polar effect by other gsp genes located upstream and/or downstream of gspC. We amplified by PCR a 670-bp product encompassing gspC and cloned it into the broad-host-range plasmid pUCP28T. The pUCP28T derivative pIR2 was able to complement the mutation in DD214 in trans (Fig. 3B) . The zones of clearing around 1026b(pUCP28T), 1026b(pIR2), and DD214(pIR2) on 3% skim milk agar were similar. As expected, the negative control DD214(pUCP28T) did not produce a zone of clearing on 3% skim milk agar. Similar results were obtained with tributyrin agar and egg yolk agar (data not shown). These results clearly demonstrate that the mutation in DD214 did not have a polar effect on upstream or downstream genes and that gspC is essential for the secretion of exoproducts in B. pseudomallei.
Relative virulence of 1026b and DD213. Syrian hamsters are highly susceptible to infection by B. pseudomallei (1, 4) . The 50% lethal doses (LD 50 ) of 1026b and DD213 in the hamster model of infection were Ͻ5 and 13, respectively. These represent increases in LD 50 of 3-to 13-fold, depending on the actual LD 50 for 1026b. DD213 was reisolated from the blood and livers of several infected animals and was found to be Tc r and deficient in exoproduct secretion, suggesting that the Tn5- Nucleotide sequence accession number. The nucleotide sequences reported in this paper were deposited in the GenBank database under the accession no. AF110185 and AF110186.
